Loss-of-function mutations in genes encoding KRIT1 (also known as CCM1), CCM2 (also known as OSM and malcavernin) or PDCD10 (also known as CCM3) cause cerebral cavernous malformations (CCMs). These abnormalities are characterized by dilated leaky blood vessels, especially in the neurovasculature, that result in increased risk of stroke, focal neurological defects and seizures. The three CCM proteins can exist in a trimeric complex, and each of these essential multi-domain adaptor proteins also interacts with a range of signaling, cytoskeletal and adaptor proteins, presumably accounting for their roles in a range of basic cellular processes including cell adhesion, migration, polarity and apoptosis. In this Cell Science at a Glance article and the accompanying poster, we provide an overview of current models of CCM protein function focusing on how known protein-protein interactions might contribute to cellular phenotypes and highlighting gaps in our current understanding.
Introduction
Cerebral cavernous malformations (CCMs) consist of clusters of enlarged endothelial channels ('caverns') that are arranged backto-back to form densely packed sinusoids with little or no intervening brain parenchyma (reviewed in Cavalcanti et al., 2012; Fischer et al., 2013) . These lesions lack smooth muscle and elastic tissue, so the vessel walls are thin, leaky and lack sub-endothelial support and an intact basal lamina. Ultrastructural analysis has revealed ruptures in the luminal endothelium (probably due to damaged intercellular junctions), endothelial detachment from the basal lamina and decreased numbers of pericytes (Tanriover et al., 2013) . CCMs have been reported in up to 0.5% of the population and, although they are primarily found within the neurovasculature of the central nervous system (i.e. brain, spinal cord, retina), where they result in increased risk for stroke, seizures and focal neurological deficits, they are also seen in the skin and liver (Cavalcanti et al., 2012; Fischer et al., 2013) . Currently, the only treatment for CCM is surgical resection.
CCMs are associated with loss-of-function mutations in any one of the three CCM genes: KRIT1 (Krev interaction trapped 1, also known as CCM1), CCM2 or PDCD10 (programmed cell death 10, also known as CCM3) (Cavalcanti et al., 2012 ) (see Box 1), suggesting that there is an essential pathway involving all three proteins (Stahl et al., 2008) . This hypothesis is bolstered by the knowledge that all three proteins can be found in the same complex within the cell (see below). However, PDCD10 might also act separately from KRIT1 and CCM2, as its mutation often results in a more severe form of the disease Zhu et al., 2011) . Despite extensive analysis of CCM-knockout animals (see supplementary material Table S1 ) and recent advances in identifying binding partners and determining the structures of KRIT1, CCM2 and PDCD10, there still is limited knowledge of the mechanisms through which the loss of each of these proteins leads to CCM formation. Here, we review the current information on CCM protein signaling. In light of the CCM disease phenotype, we focus primarily on potential roles in vascular cells, but because all three CCM proteins are widely expressed, they might also have roles outside of the vasculature.
CCM proteins KRIT1
KRIT1 is the largest of the CCM proteins. It contains an N-terminal Nudix domain followed by a stretch of three NPxY/F motifs (Liu et al., 2013) , a predicted ankyrin-repeat domain and a C-terminal FERM (band 4.1, ezrin, radixin, moesin) domain (Gingras et al., 2013; Li et al., 2012) (see poster) . No catalytic activity has been reported for KRIT1, and it is thought to signal through its many binding partners (see below). KRIT1 is ubiquitously expressed in early embryogenesis with pronounced endothelial expression in large vessels (Guzeloglu-Kayisli et al., 2004) . KRIT1 is observed in many different cellular compartments and is actively shuttled between the cytoplasm and the nucleus (Zawistowski et al., 2005) . A polybasic sequence within a KRIT1 Nudix domain loop is responsible for the targeting of KRIT1 to microtubules, although the mode of interaction is not yet completely understood (Béraud-Dufour et al., 2007) . KRIT1 also localizes to endothelial cell boundaries or cell-cell junctions through its FERM domain (Glading et al., 2007; Zawistowski et al., 2005) .
KRIT1 was initially identified in a yeast two-hybrid screen as a Rap1-binding protein (Serebriiskii et al., 1997) . Recent crystallographic analysis revealed a novel mode of interaction between the KRIT1 FERM domain and the small GTPase Rap1 that represents a paradigm for how small G-proteins can bind and recognize FERM domains (Gingras et al., 2013; Li et al., 2012) . Rap1 binding inhibits the binding of KRIT1 to microtubules (Béraud-Dufour et al., 2007) , thereby enabling the relocalization of KRIT1 and the stabilization of cell-cell junctions (Liu et al., 2011) . The molecular mechanisms by which this occurs are not yet known, but KRIT1 binds Rap1 and microtubules through different domains, suggesting that there is a conformational regulation controlling the subcellular localization of KRIT1 (discussed below). The KRIT1 FERM domain can also bind to the membrane anchor protein heart of glass 1 (HEG1), a protein essential for KRIT1 junction localization. The functional importance of these interactions is highlighted in zebrafish studies, as KRIT1 mutants that are unable to bind either Rap1 or HEG1 do not rescue the KRIT1-null (santa) phenotype, which is associated with defects in cardiovascular development (Gingras et al., 2012; Liu et al., 2011 ) (see supplementary material Table  S1 ).
Another important binding partner of KRIT1 is integrin cytoplasmic domain associated protein-1 (ICAP1), a phosphotyrosine binding (PTB)-domain-containing protein that negatively regulates b1 integrin activation (Liu et al., 2013; Millon-Frémillon et al., 2008) . ICAP1 binds KRIT1 in a bidentate mode, recognizing two regions: the highly-conserved RR region and the first of the three KRIT1 NPxY/F motifs (Liu et al., 2013) . Importantly, ICAP1 uses the same binding site to interact with either the KRIT1 NPxY motif or the cytoplasmic tail of integrin b1. As ICAP1 cannot inhibit integrin activation when it is bound to KRIT1, increased integrin activation is observed when increasing amounts of KRIT1 are available to bind to ICAP1 (Liu et al., 2013) . In endothelial cells, KRIT1 also appears to stabilize the ICAP1 protein, so KRIT1 loss leads to decreased ICAP1 levels and consequently increased b1 integrin activation . Thus, the exact role of KRIT1 in modulating ICAP1-mediated regulation of integrin activation in endothelial cells is complex and is still being discerned.
KRIT1 has also been linked to several other important signaling pathways. KRIT1 overexpression leads to increased expression of HEY1 and DLL4 (indicative of Notch activation) Box 1. The Genetics of CCM Familial CCM accounts for only ,20% of cases but tends to be more severe than sporadic CCM (Cavalcanti et al., 2012) , with patients exhibiting multiple lesions and increased hemorrhage rates. Familial CCM is associated with a heterozygous germline loss-of-function mutation in KRIT1, CCM2 or PDCD10 (Cavalcanti et al., 2012) . Malformation development appears to require a local second hit to remove the remaining wild-type copy of the CCM gene (Akers et al., 2009; Dammann et al., 2013; Pagenstecher et al., 2009; Stahl et al., 2008) , but other factors in the neurovasculature microenvironment could potentially also have a role in lesion formation (Boulday et al., 2011; Dammann et al., 2013) . Local mutations in CCM genes also cause sporadic CCM (Limaye et al., 2009) , and there is a growing list of disease-causing mutations, most of which are nonsense mutations leading to a loss of function. In 19 out of 20 of familial cases and two thirds of sporadic cases with multiple lesions, mutation in at least one of the CCM genes has been identified (Cavalcanti et al., 2012; Riant et al., 2013) . In lesions with identified mutations, KRIT1 is mutated in 65% of cases, CCM2 in 19%, and PDCD10 in 16% (Riant et al., 2013; Stahl et al., 2008) .
and, conversely, silencing of KRIT1 diminishes Notch signaling (Wü stehube et al., 2010) . Notch signaling is linked to phosphoinositol 3-kinase (PI3K)/AKT activation and the repression of ERK1/2. Consistent with this, loss of KRIT1 in endothelial cells leads to increased ERK1/2 phosphorylation, and CCM lesions show increased ERK1/2 phosphorylation (Wü stehube et al., 2010) . Loss of KRIT1 also reduces the expression of the reactive oxygen species (ROS)-scavenging enzyme SOD2 with consequent increases in the steady state levels of ROS, AKT phosphorylation, and AKT-dependent FOXO1 phosphorylation (and thus inactivation) (Goitre et al., 2010) . Another KRIT1 interactor, the long isoform of Nd1 (Nd1-L), an actin cytoskeleton-stabilizing protein, was recently identified and data suggests that its co-expression with KRIT1 supports SOD2 expression (Guazzi et al., 2012) . Collectively, KRIT1 is involved in multiple pathways that prevent cell death.
The conformational organization of KRIT1 appears to be important for its subcellular localization and consequent signaling. KRIT1 is thought to harbor intramolecular binding sites, i.e. its N-terminus can interact with its FERM domain (Béraud-Dufour et al., 2007; Francalanci et al., 2009) . It is therefore possible that KRIT1, like other FERM proteins, adopts both open and closed conformations through a 'head-totail' interaction. The head-tail interaction probably occurs though the recognition of the KRIT1 NPxY/F motifs by the FERM domain, although the specificity of this interaction is still unclear (Faurobert and Albiges-Rizo, 2010) . Changes in the conformation of KRIT1 are thought to regulate its localization; for example, microtubule binding is associated with a presumed 'closed' conformation (Francalanci et al., 2009 ) and ICAP1 binding is associated with a presumed 'open' conformation (Béraud-Dufour et al., 2007) . The functional and signaling importance of KRIT1 conformational changes has not yet been adequately explored.
CCM2
CCM2 is a scaffolding protein with no enzymatic activity and an expression pattern very similar to that of KRIT1, including in arterial endothelial cells of multiple tissues (Petit et al., 2006; Seker et al., 2006) . It acts as the hub of the CCM complex by simultaneously binding both KRIT1 and PDCD10, in addition to a number of other signaling proteins (Hilder et al., 2007a) . CCM2 contains a predicted PTB domain at its N-terminus (Liquori et al., 2003) and has recently been shown to contain a helical domain at its C-terminus termed the harmonin-homology domain (HHD) (Fisher et al., 2013 ) (see poster).
CCM2 is found throughout the cell and can shuttle in and out of the nucleus, probably through its interaction with KRIT1 (Zhang et al., 2007) . However, CCM2 binding has also been implicated in sequestration of the KRIT1-ICAP1 complex in the cytosol (Faurobert and Albiges-Rizo, 2010) . CCM2 localization to endothelial cell-cell junctions is lost following the loss of KRIT1 localization to cell-cell junctions, suggesting that it is targeted there by KRIT1. Indeed, when re-expressed in CCM2-knockdown cells, wild-type CCM2 localizes to cell-cell junctions, but a mutant that cannot bind KRIT1 (CCM2-F217A) does not, implicating an interaction of the CCM2 PTB domain with one of the KRIT1 NPxY/F motifs in junctional targeting (Stockton et al., 2010) .
The CCM2 PTB domain also binds TrkA, a receptor tyrosine kinase found on nerve cells (Harel et al., 2009) . This interaction induces cell death in neuroblastoma or medulloblastoma, probably through the recruitment of a complex between PCDC10 and STK25, a member of the germinal center kinase III (GCKIII) group of serine/threonine kinases (Costa et al., 2012) . How it induces cell death, and whether this pathway contributes to the CCM phenotype, remains unclear.
CCM2 is also known as osmosensing scaffold for MEKK3 (OSM) because it binds the mitogen-activated protein kinase (MAPK) kinase kinase MEKK3. It is required for hyperosmolarinduced p38 MAPK activation, and upon osmotic shock a significant portion of CCM2 relocalizes to membrane ruffles where CCM2 is thought to scaffold RAC1 and MEKK3 in the p38 MAPK cascade (Uhlik et al., 2003; Zawistowski et al., 2005) . CCM2 binds F-actin in in vitro binding assays, suggesting that it organizes a complex that is capable of linking RAC1-dependent actin reorganization to p38 activity (Hilder et al., 2007b) . Recent work confirms that osmotic stress elicits a response of the CCM2-RAC1 pathway, but indicates that the signaling might occur through phospholipase C (PLC)c1 (Zhou et al., 2011) . Conversely, another study suggests that CCM2 loss does not affect the p38 MAPK pathway, but rather affects JNK and MAPK kinase (MKK) signaling (Whitehead et al., 2009 ). The role of CCM2 in MAPK pathways is clearly complex, and a better understanding will require further study.
A significant recent advance in the field was the identification of CCM2-like (CCM2L), a protein with high sequence identity to CCM2 that is selectively expressed in activated endothelial cells (Zheng et al., 2012) . Loss of zebrafish ccm2l phenocopies the ccm2-null (valentine) phenotype (supplementary material Table  S1 ) and can be partially rescued by overexpression of CCM2 (Rosen et al., 2013) . However, there is not complete overlap in functions, as CCM2L competes with CCM2 for binding to KRIT1, but not PDCD10, and functionally blocks CCM2-mediated junctional stability (Zheng et al., 2012) . Whether CCM2L is linked to human disease remains to be determined.
PDCD10
PDCD10 is ubiquitously expressed and contains an N-terminal dimerization domain (Kean et al., 2011; ) and a Cterminal focal adhesion targeting-homology (FAT-H) domain ) (see poster). It binds a variety of proteins including CCM2 (Hilder et al., 2007a; Voss et al., 2007) , the GCKIII serine/ threonine kinases (Fidalgo et al., 2010; Xu et al., 2013; Zhang et al., 2013a) , paxillin (through its FAT-H domain) , FAP-1 (also known as PTPN13) (Voss et al., 2007) , protocadherin-c (Lin et al., 2010) , VEGFR , UNC13D (Zhang et al., 2013b) and striatin (through its FAT-H domain) (Goudreault et al., 2009; Kean et al., 2011) . It also binds phosphotidylinositides Ding et al., 2010 ) (see poster).
The PDCD10 FAT-H domain interacts with CCM2 , and PDCD10 is the third component in the heterotrimeric KRIT1-CCM2-PDCD10 complex (Hilder et al., 2007a) . Its function in the CCM complex is still being explored, but PDCD10 also has roles outside of this complex. The best characterized of these involves dimerization-domain-mediated interactions with the GCKIII group of protein kinases, MST4/ MASK, STK24/MST3 and STK25/YSK1/SOK1 (Sugden et al., 2013) . PDCD10 predominately resides within the striatin interacting phosphatase and kinase (STRIPAK) complex where it binds to GCKIII kinases (Fidalgo et al., 2010) . PDCD10 also binds striatin directly and thus complexes with protein phosphatase 2 (PP2) and other STRIPAK components indirectly, thereby linking GCKIII kinases to phosphatase PP2 (Goudreault et al., 2009 ). Alternatively, PDCD10-GCKIII localizes to the cis face of the Golgi complex through a GCKIII interaction with GOLGA2, an interaction mutually exclusive to the PDCD10-GCKIII interaction with STRIPAK. The PDCD10-GCKIII interaction is important for GCKIII localization as loss of PDCD10 shifts the binding of GCKIII kinases from the STRIPAK complex to the Golgi (Kean et al., 2011) , leading to a loss of STK25 kinase activity, decreased protein stability and ultimately Golgi disassembly. Cells depleted of PDCD10 are impaired in repositioning both the Golgi complex and the centrosome towards the leading edge, which impairs cell migration (Fidalgo et al., 2010) . Conversely, overexpression of PDCD10 or PDCD10-MST4 coexpression leads to increased cell migration, whereas mutants that are unable to bind one another do not (Zhang et al., 2013a) . As directed migration is essential for blood vessel formation, its perturbation could lead to the vascular malformations found in CCM. PDCD10 also plays a role in exocytosis, and recent work shows that loss of either PDCD10 or STK24 increases neutrophil exocytosis owing to a loss of interaction with UNC13D, a regulator of vesicle fusion (Zhang et al., 2013b) . This potentially implicates changes in exocytosis in the defective tubular morphology observed in CCM disease.
CCM lesions have poor endothelial integrity. Appropriate regulation of cell death is essential for maintenance of endothelial integrity and, as its name suggests, PDCD10 is thought to play a role in cell death. However, a specific role for PDCD10 in cell survival is not clear as both pro-survival and pro-apoptopic effects have been reported. PDCD10 was originally discovered to be upregulated during granulocyte apoptosis (Wang et al., 1999) and has been linked to several different signaling pathways involved in survival. For example, PDCD10 complexes and colocalizes with VEGFR2, and loss of PDCD10 leads to decreased stability of the VEGFR2 protein . PDCD10 also appears to induce VEGFR2 endocytosis after VEGF stimulation and is required for the relocation of MST4 to the cell periphery after oxidative stress, where it phosphorylates and activates ERM proteins, thereby promoting cell survival (Fidalgo et al., 2012) . Conversely, PDCD10 expression has been linked to cell death Lin et al., 2010; Zhu et al., 2010) and loss of PCDC10 has been reported to increase survival and proliferation, possibly through reduced Notch signaling, enhanced VEGF signaling, or increased ERK activity (Louvi et al., 2011; You et al., 2013; Zhu et al., 2010) . How these conflicting observations can be reconciled remains to be determined.
The role of CCM proteins in RhoA-ROCK signaling
The first indication that RhoA dysregulation might contribute to CCM pathology came from the observation of increased stress fiber formation (a sign of activated RhoA) after RNAinterference-mediated knockdown of any of the CCM proteins (Crose et al., 2009; Glading et al., 2007; Stockton et al., 2010; Whitehead et al., 2009; Zheng et al., 2010) . Consistent with this, activated (GTP-bound) RhoA is increased in KRIT1-, CCM2-or PDCD10-deficient endothelial cells. One of the primary effectors of activated RhoA is the serine/threonine kinase ROCK, which increases actomyosin contractility by phosphorylating and inhibiting the myosin light chain (MLC) phosphatase. Knockdown of KRIT1, CCM2 or PDCD10 increases the amount of phosphorylated MLC, whereas treatment with ROCK-inhibitors reverses this increase and the stress fiber accumulation (Borikova et al., 2010; Stockton et al., 2010; Whitehead et al., 2009) , confirming a role for RhoA-ROCK in CCM signaling.
How CCM proteins influence RhoA has still not been fully elucidated, but a recent report implicates b1 integrin signaling . In addition, CCM2 appears to direct the degradation of RhoA through a CCM2 PTB-domain-mediated interaction with the E3 ubiquitin ligase Smad ubiquitin regulatory factor 1 (SMURF1) (Crose et al., 2009) . Notably, loss of CCM2 leads to increases in RhoA, but not of other SMURF1 substrates, suggesting that CCM2 might selectively promote SMURF1-mediated RhoA degradation. Increased RhoA activity is also seen when the PDCD10-binding partner STK25 (a GCKIII serine/ threonine kinase) is knocked down (Zheng et al., 2010) , suggesting that membrane-localized actin-associated complexes that are regulated by the PDCD10-STK25-ERM pathway might ultimately control RhoA activation. Cells that lack KRIT1, CCM2 or PDCD10 are defective in migration, invasion, threedimensional tube formation and maintenance of a monolayer permeability barrier. Each of these functions can be rescued by ROCK inhibition (Borikova et al., 2010; Stockton et al., 2010; Whitehead et al., 2009) . ROCK inhibitors also rescue lipopolysaccharide-induced vascular leak in KRIT1-and CCM2-deficient mice (Stockton et al., 2010) and inhibit the formation of vascular lesions in other mouse models (McDonald et al., 2012) . Targeting RhoA-ROCK signaling is therefore one potential therapeutic strategy for CCM (Li and Whitehead, 2010) .
Vascular polarity and permeability in CCMs
In animal models, KRIT1, CCM2 and PDCD10 are essential for cardiovascular development (supplementary material Table S1 ). Loss of either KRIT1 or PDCD10 leads to an induction of angiogenesis by impaired Delta-Notch signaling, and PDCD10 might be essential for venous endothelial cell differentiation (Wüstehube et al., 2010; You et al., 2013; Zheng et al., 2010) . Additionally, KRIT1 deficiency disrupts the junctional localization of the TIAM-PAR3-PKCf polarity complex (Lampugnani et al., 2010) , impairing directed migration and vascular lumen formation. PDCD10 is also important for endothelial cell polarization in directed migration through its effects on Golgi positioning (Fidalgo et al., 2010) , further linking PDCD10 with vascular development.
The leaky vasculature in CCM lesions is explained by their weak and disordered cell-cell junctions (see poster). The importance of KRIT1 in cell-cell junctions is underscored by its association with the junctional proteins VE-cadherin, a-catenin, b-catenin, AF6 (afadin, also known as MLLT4) and p120-catenin (Glading et al., 2007) . Loss of KRIT1 reduces b-catenin and VE-cadherin at cell-cell junctions, leading to increased nuclear b-catenin and upregulation of its transcriptional targets (Glading and Ginsberg, 2010) . Activation of Rap1 (which stabilizes KRIT1 in junctions) inhibits b-catenin transcription in a KRIT1-dependent manner. Interestingly, loss of CCM2 also leads to loss of KRIT1 from cell-cell junctions and their destabilization, a phenotype that is rescued by a mutant CCM2 that cannot bind KRIT1 (Schneider et al., 2011; Stockton et al., 2010) . Recent data suggest that extracellular matrix (ECM) remodeling could also contribute to CCM pathology . As noted above, loss of KRIT1, CCM2 or PDCD10 increases RhoA-dependent contractility; this results in abnormal remodeling of ECM, altered integrin signaling and further increases in cell tension, which increases destabilization of cell-cell junctions. This may explain the abnormal ECM patterns seen in CCM lesions.
Exciting new data show that the loss of KRIT1 or PDCD10 leads to increased expression of mesenchymal markers in endothelial cells. This endothelial-mesenchymal transition (EndMT) is due to increased BMP6-SMAD signaling (Maddaluno et al., 2013) , a pathway that is also upregulated in patient samples with KRIT1 or CCM2 mutations. EndMT is characterized by loss of polarity, increases in cell proliferation or migration and changes in cell-cell junctions, characteristics frequently seen in CCM lesions, suggesting that EndMT might contribute to CCM initiation and progression. It will be interesting to see whether BMP6 or TGFb inhibitors will be effective therapeutics for patients with CCM.
Conclusions
Despite significant progress in determining the genetics of CCM and the functions of CCM proteins, many questions remain. The relevant signaling pathways in which CCM proteins participate in endothelial cells have not been fully established and the significance of the trimeric CCM protein complex remains controversial. Because of the disease phenotype, much work has focused on the roles of CCM proteins in the vasculature, but CCM proteins are widely expressed and why their loss results predominantly in a neurovasculature phenotype requires further study. It is clear, however, that further studies are necessary before we can link the known functions of CCM proteins to CCM formation.
